Introduction
Chlorinated dibenzo-p-dioxins and dibenzofurans have been known to chemists for many years. 2,8-Dichlorodibenzo-p-dioxin was first reported in 1941 (1); the 2,3,7,8-tetrachloro-(TCDD) and octachloro-(OCDD) analogs followed in 1957 (2) . Extensive research by Gilman (3) and by Pohland and Yang (4) provided data on many others. Likewise, simple chlorinated dibenzofurans have been reported since the early 1930's (5), while experience with the more highly chlorinated ones is comparatively recent (6, 7) .
Although the unusual toxicity of certain of these compounds was recognized at an early date through occupational illness and toxic effects on domestic animals (8) , major concern arose only when the toxic and teratogenic properties of TCDD became apparent in widely-distributed pesticides such as 2,4,5-T (9, 10) . Subsequent analysis (7, 11, 12) showed that a variety of chlorinated dibenzo-p-dioxins and dibenzofurans can occur as impurities from the manufacture of many industrial and agricultural chemicals based on chlorophenols and certain chlorinated aromatic hydrocarbons. To cite but a single example, production statistics (13) suggest that at least 50 (2, 14, 15) . Reaction of the dipotassium salt of catechol with 1, 2, 4-trichlorobenzene in dimethyl sulfoxide at 1750C produced a 70%o yield of 2-chlorodibenzo-p-dioxin (4) ; the nitro group can serve instead of chlorine as the displaced group (4, 15) . Although dibenzofurans may be prepared by dehydration of 2,2'-dihydroxybiphenyls (16,,17,18 ), 2-chloro-2-hydroxy-and 2,2'dichlorobiphenyls also provide them when treated with aqueous alkali (19, 20) , analogous .to dioxin formation.
Although related reactions have been suggested to operate by a free-radical mechanism (21), the preponderance of evidence indicates that the above processes actually represent nucleophilic substitution (22, 23) . However, the C-Cl bond of the aromatic ring is much more stable than that in corresponding aliphatic compounds, and high temperatures are required to achieve reasonable reaction rates unless activating ring substituents such as nitro groups are present.
Other means can be used to activate the ring, for example the intermediacy of a copper complex (the Ullmann reaction) (23) .
In the presence of powered copper or copper salts, a few hours at 160°C converts normally unreactive o-chlorophenols to dibenzo-p-dioxins (3, 4, 13) . Ultraviolet light also can provide ring activation for both nucleophilic displacements and radical reaction (24) ; thus, either heat or light theoretically could transform almost ubiquitous chlorinated aromatic compounds into dioxins and dibenzofurans under environmental conditions.
Thermal Generation
Despite the suggestion (25) that phenol derivatives such as 2,4,5-T might be decomposed to dibenzodioxins by heat, further investigation has failed to demonstrate the conversion (26, 27 chlorodibenzo-p-dioxin but no TCDD were present in each sample. Identities were confirmed by gas chromatography with a massspectrometer detector (GC/MS).
Photochemical Generation
The ultraviolet component of sunlight is sufficiently energetic to generate free radicals by homolytic dissociation of both phenols and chlorinated aromatic compounds. The shortwavelength cutoff of ultraviolet radiation by the atmosphere is approximately 290 nm ( Fig. 1) , and spectral energy increases sharply above this. The homolytic dissociation energies of the Ar-Cl bond (about 80 kcal/ einstein) and the ArO-H bond (about 90 kcal/ einstein) correspond to wavelengths near 360 and 320 nm, respectively-clearly within the sunlight region and free-radical mechanisms have been proposed for reactions of PCP (29) and other chlorophenols (30) 
Blessed indeed (at least by the environmental photochemists) are those parts of the world which experience reliable, intense sunlight during most of the year. Because it varies so drastically with latitude, elevation, climate, and even the degree of air pollution, not to mention its short diurnal availability, the ultraviolet portion of solar radiation often is simulated for laboratory investigation; most of the work described here was conducted in a "sunlight-simulator" equipped with F40BL fluorescent lamps (General Electric Co.) exhibiting the spectral energy distribution also shown in Figure 1 that radiation must be absorbed before reaction can occur. However, it is not necessary that the light energy absorbed by aromatic rings bring about bond scission directly. As in the previous examples, the absorption of energy can actviate the ring and facilitate nucleophilic displacements. In typical photonucleophilic reactions (24) , chloride may be displaced from 4-CPA (4-chlorophenoxyacetic acid), 2,4-D (2,4-dichlorophenoxyacetic acid), and 2,4,5-T (2,4,5-trichlorophenoxyacetic acid) by hydroxide ion to generate phenols, and, in accordance with earlier work of Munakata (29, 32) we now find that PCP forms chlorinated catechols and resorcinols in aqueous media irradiated at sunlight wavelengths. In polychlorinated compounds, displacement of the chlorine ortho to the oxygen predominates.
Under these circumstances, it might be expected that a chlorophenate anion could attack the light-activated ring of another chlorophenol to form a diphenyl ether, and the reaction could be repeated intramolecularly to generate a chlorinated dibenzo-pdioxin. Indeed, the irradiation of aqueous solutions of dioxin-free sodium PCP was found to generate OCDD, although only very small amounts could be detected by gas chromatography (33) 
The expected photonucleophilic formation of phenols from other aromatic halides such as chlorobiphenyls was demonstrated both with simple models (34-37) and with highly complex polychlorinated biphenyl (PCB) mixtures (Arochlors) (36) . For example, irradiation of an aqueous suspension of 4,4'-dichlorobiphenyl provided 4-chloro-4'-hydroxybiphenyl and 4-chlorobiphenyl. However, as in the classical examples of synthesis cited previously (19, 20) , appropriately substituted chlorinated biphenyls also might be expected to form chlorodibenzofurans. Irradiation experiments with five pure 2-chlQrinated biphenyls as 5 mg/l. aqueous suspensions, followed by resolution and examination of the products by GC/MS, showed that traces of 2-chlorodibenzofuran were detectable (eq. (2) ], although only the 2,5-dichloro-and 2,5,2',5'-tetrachlorobiphenyls provided identifiable amounts (a roughly steady 0.2 % yield during a 7-day irradiation).
Photochemical Degradation
Our failure to detect TCDD as a product of 2,4,5-trichlorophenol photolysis can be explained on the basis of the extreme instability of the lower chlorinated dioxins to light (38) . In either sunlight or the sunlight-simulator, 2,7-dichloro-, 2,3,7-trichloroand 2,3,7,8-tetrachlorodibenzo-p-dioxins (5 mg/l. in methanol) were entirely decomposed within a few hours (Fig. 2) Consequently, photoreduction in organic media proceeds efficiently to replace halogens one at a time with hydrogen atoms; the reduction is very sluggish in water and fails entirely in thin solid films of pure TCDD or on dry, irradiated soil surfaces (39, 40) . The mechanism has not been determined, although both the well-known free-radical hydrogen abstraction from solvent (30, 41) and hydride transfer (24) (3) or even in water. For example, when a 5 mg/liter methanol solution of pure 2,8-dichlorodibenzofuran was irradiated in the sunlight-simulator, 2-chlorodibenzofuran was the product detected by GC/MS, and more than 95% of the starting material was photolyzed within 48 hr (Fig. 3) . However, the inadvertent use of highly purified methanol in a similar experiment revealed only very slow photolysis within the same period of irradiation. The irradiation of a more concentrated solution (10 mg/l.) in the purified solvent also indicated slow decomposition; after 90 hr, the addition of 10 surveillance methods have dramatically reduced dioxin and dibenzofuran levels among industrial chemicals (12) , there is evidence that under idealized conditions, at least, both types of compounds can be generated from commonly used chlorophenols and chlorinated biphenyls under environmental conditions. The driving force can be either the ultraviolet component of sunlight impinging upon thin films, surfaces, or solutions or heat such as might be encountered in burning wood. Conceivably but not demonstrably, phenol derivatives such as the phenoxy herbicides also might provide the raw material, but, in any case, the necessary generative reactions clearly have been demonstrated. On the other hand, environmental persistence or accumulation theoretically could be balanced by the simultaneous destructive action of light or heat. Photolysis can be rather rapid under idealized conditions, although a hydrogen donor appears to be required, and OCDD is rather stable compared to the highly toxic TCDD. The charring temperature of wood (>350'C) is well above that frequently reported to convert PCP into OCDD, but the thermal stability of the dioxins has not been reported. However, the same solvents and active ingredients which could act as hydrogen donors and sensitizers also could protect dioxins and dibenzofurans from photolysis under practical conditions. For example, while light absorption by TCDD might be only partially obscured by the absorption of a 2,4,5-T formulation (Fig. 4) and chlorinated dibenzofurans would be little shielded by PCBs (Fig. 5) , the low level of OCDD in a technical formulation of PCP or sodium PCP should remain well-protected from light (Fig. 6) Wavelength, nm heat from common materials of construction; and the relatively innocuous OCDD readily undergoes reduction to form less chlorinated homologs which are both rather stable and toxic (47 
